Young children may be more likely than adults to be exposed to pesticides following a residential application as a result of hand -and object -to -mouth contacts in contaminated areas. However, relatively few studies have specifically evaluated mouthing behavior in children less than 5 years of age. Previously unpublished data collected by the Fred Hutchinson Cancer Research Center ( FHCRC ) were analyzed to assess the mouthing behavior of 72 children ( 37 males / 35 females ). Total mouthing behavior data included the daily frequency of both mouth and tongue contacts with hands, other body parts, surfaces, natural objects, and toys. Eating events were excluded. Children ranged in age from 11 to 60 months. Observations for more than 1 day were available for 78% of the children. The total data set was disaggregated by gender into five age groups ( 10 -20, 20 -30, 30 -40, 40 -50, 50 -60 months ). Statistical analyses of the data were then undertaken to determine if significant differences existed among the age / gender subgroups in the sample. A mixed effects linear model was used to test the associations among age, gender, and mouthing frequencies. Subjects were treated as random and independent, and intrasubject variability was accounted for with an autocorrelation function. Results indicated that there was no association between mouthing frequency and gender. However, a clear relationship was observed between mouthing frequency and age. Using a tree analysis, two distinct groups could be identified: children 24 and children >24 months of age. Children 24 months exhibited the highest frequency of mouthing behavior with 81 ± 7 events / h ( mean ± SE ) ( n = 28 subjects, 69 observations ). Children >24 months exhibited the lowest frequency of mouthing behavior with 42 ± 4 events / h ( n = 44 subjects, 117 observations ). These results suggest that children are less likely to place objects into their mouths as they age. These changes in mouthing behavior as a child ages should be accounted for when assessing aggregate exposure to pesticides in the residential environment.
Introduction
Young children may be more likely than adults to be exposed to pesticides following a residential application as a result of hand -to -mouth and object -to -mouth contacts in contaminated areas (Cohen Hubal et al., 2000a ) . Characterizing and quantifying children's mouthing behaviors are important in assessing the potential for dermal and indirect ingestion of contaminants from objects, hands, and surfaces in the environment. However, data on children's mouthing activities, including between -and within-child variability, are extremely limited. As a result, default assumptions are currently used to estimate these exposures.
Mouthing is an important component in childhood development. In early development, sucking provides essential nutrients in the form of breast or bottle feeding, as well as a feeling of well being and a sense of security (Juberg et al., 2001 ) . If infants are not allowed unrestricted breast feeding, they will suck on a pacifier, thumb ( or other fingers ), blanket, or toy (Groot et al., 1998 ) . As children develop, mouthing behavior, in combination with looking and touching, allows children to explore and investigate their environment. Mouthing behavior develops into an exploratory behavior in which objects are placed into the mouth for a few seconds for purposes of discovery. During this stage of development, children will put their hands and any object that they come in contact with into their mouths (Ruff, 1984; Ruff and Dubiner, 1987; Davis et al., 1995; Groot et al., 1998 ) .
Teething is another reason that children will mouth fingers and objects. At this stage of development, mouthing alleviates the pain and discomfort associated with teething (Groot et al., 1998 ) . Teething usually begins at 7-8 months, but may start several months earlier or later. As with all childhood behaviors, mouthing activities vary significantly from child to child, and therefore, the impact on exposure will also be highly variable (Cohen Hubal et al., 2000a ) .
Pioneering videotaping studies by Zartarian et al. ( 1995 Zartarian et al. ( , 1997 and Reed et al. (1999 ) have significantly advanced how we observe children. Zartarian et al. ( 1995 Zartarian et al. ( , 1997 collected hand -to -mouth data, reporting the variability and differences between the left and right hands on the day of observation. Four children, two boys (2 years 10 months; 3 years 9 months) and two girls ( 2 years 5 months; 4 years 2 months ) were videotaped with hand -held cameras for 8 -10 h/ day. The main objectives of this pilot study were to develop a general methodology for videotaping microactivities of a population and to collect an initial database of activity patterns for 2 -to 4-year-old children of farm workers. While investigating these objectives, some handto -mouth data were collected. Left hand -to -mouth contacts ranged from 1 to 45 contacts /h. Similarly, right hand -tomouth contacts ranged from 1 to 46 contacts /h. The handto -mouth data were also reported as the percent time that the four children spent contacting different object types with each hand during the waking hours on the day of observation. These results ranged from 1.0% to 4.4%. The time awake ranged from 6 to 11 h for the four children ( Zartarian et al., 1995 ( Zartarian et al., , 1997 . Reed et al. ( 1999 ) used a similar videotaping methodology to quantify the types and frequencies of children's hand -to -mouth activities. Twenty children in a day care center, aged 3 -6 years, and 10 children in residences, aged 2 -5 years, were videotaped during their waking hours for 1 day. The average hand -to -mouth frequency rate was determined to be 9.5 contacts /h ( Reed et al., 1999) .
Not all investigators use the videotape approach; e.g., Groot et al. (1998) employed parents as observers. In addition, research by Fagot and Hagan ( 1988 ) has shown that observers are more reliable when observing live activities than when watching videotapes of recorded activities. Fagot and Hagan (1988) caution that videotaping may not be useful for large groups of children. In all of the studies reported here, each child was individually observed. Regardless of whether the children were videotaped or their activities were recorded by an observer, the end result was only a few hours of observation time. A summary of the research related to mouthing activities is presented in Table 1 .
For this paper, an unpublished data set of children's mouthing behaviors, collected by the Fred Hutchinson Cancer Research Center (FHCRC ), was analyzed. The objectives of our study were to use this data set to ( 1) evaluate the influence of age and gender on total mouthing behavior, (2 ) determine the predominant types of mouthing activities and their frequency, and (3 ) compare our results with other literature values. Ruff and Dubiner ( 1987 ) 9 -12 months 29 Undisclosed suburban location Evaluation of young children's ability to manipulate objects and their associated behavior Videotape of play with specified objects; trained observer; timed interactive events Ruff ( 1984 ) 6 -12 months 60 Undisclosed suburban location
Evaluation of exploratory behavior Videotape of play with specified objects; trained observer; timed interactive events Madden et al. ( 1980 ) 23 -33 months 3 Urban Maryland Mouth -to -body, mouth -to -object Trained observers; interval recording system; 2 -3.3 h total observation time Lepow et al. (1975 Lepow et al. ( , 1974 19024, Seattle, WA 98109 -1024 ) . In their study, 90 children who ranged in age from 10 to 60 months were watched in their home environment by trained observers.
The objective was to describe and quantify the distribution of soil ingestion values in a group of children under the age of 5 years. Observations were collected using a zero -one time sampling approach. This observational method measures both the frequency and duration of the behavior. Fifteen -second intervals are used, during which the behavior is recorded once if it occurs at all. Observers were instructed to record mouth and tongue contacts with hands, other body parts, natural objects, surfaces, and toys every 15 s for a minimum of 15 min. Observers recorded additional comments on children's activities. In the resulting data, children were actually observed between 5 and 60 min / day for 1 -6 days, depending on scheduling, cooperation, etc. (Davis et al., 1995 ) .
The Reduced Data Set
For this analysis, the original data set was coded to include children's activities ( macroactivities ) and locations (microenvironments ). Children's activities were coded as quiet or active play based upon the observer's comments in the questionnaire. For example, sitting watching television, coloring, reading, or talking with a parent was coded as quiet play. Running around, walking, bicycling, and jumping were coded as active play. Quiet and active play are two macroactivity classifications used to categorize children's activity levels in their environment ( Cohen Hubal et al., 2000b ) . Locations (microenvironments ) were categorized as indoor or outdoor environments. This microenvironment and macroactivity classification scheme is being tested in exposure assessment to identify behavior that may make some children especially vulnerable to indirect ingestion exposure to pesticides and other environmental contaminants (Cohen Hubal et al., 2000b ) . Preliminary analysis of the mouthing and tongue contacts showed no statistically significant differences between mouth and tongue. Therefore, mouth and tongue events were summed for each activity category. Total mouthing behavior was the daily frequency of both mouth and tongue contact with hands, other body parts, surfaces, natural objects, and toys. Originally, the observers were asked to collect the mouthing behavior during an awake period when the child was not eating. Therefore, in order to normalize the data, we excluded all food events from subsequent analyses. We excluded those children who were coded as engaging in active play in an indoor or outdoor environment and quiet play in an outdoor environment because there were too few to do any statistical analyses.
Our analyses, then, focused entirely upon those children who were coded as engaging in quiet play in an indoor environment. The final data set contained 72 children (37 males /35 females ), ranging in age from 11 to 60 months. There were a total of 186 observations; multiple observations were available for 78% of the children. The number of observations per child ranged from 1 to 6.
Data Analyses
To evaluate the influence of a child's age and gender, a general linear model using SAS ( Version 8.02; SAS Institute, Cary, NC ) was fit to the log of the daily frequency of all mouthing data in the following form:
where LTOTAL=log of the total mouthing frequencies; GENDER = sex of the child; AGECLASS =age breakdown of the child; GENDER*AGECLASS =relationship between gender and age of the child; ID( GENDER*AGECLASS ) = nested relationship between gender and age of the child with respect to the identification number; RESIDUAL= error.
Each observation was treated as random and independent within the general linear model. A logarithmic transformation of the data was used to: (1 ) reduce multicollinearity among the independent variables, (2 ) reduce autocorrelation among residuals, and (3 ) make the distribution of measurements more symmetric.
Results
Figure 1 depicts the frequency of mouthing behavior as a function of age and gender. There is no significant difference in the mouthing /age relationship by gender. Therefore, we focused on age, without relying on gender, to explain hand-to -mouth activity. This result corresponds with data reported by Ruff (1984) , Ruff and Dubiner (1987) and Groot et al. (1998) who showed that there is no statistically significant difference in mouthing events between boys and girls. There is, however, a significant relationship between mouthing and age of the child.
The age / mouthing relationships were evaluated in two ways: using age as a continuous variable, such as depicted in Figure 1 , or using age as a categorical variable. If the latter approach is used, the question becomes ''What age categories make sense from a statistical perspective''? Groot et al. ( 1998 ) had four age breakdowns, including: 3-6 months, 6 -12 months, 12 -18 months, and 18-36 months. An EPA -sponsored workshop focused on identifying appropriate age groups for assessing exposure based on behavioral and anatomical differences in children (US EPA, 2000 ). In the workshop report, the subgroup that considered behavioral development proposed the following age groupings: birth to < 3 months, 3 to <6 months, 6 to < 12 months, 12 to <24 months, and 2 to < 6 years. Based on the distribution of children's ages in this data set, we selected the following age groups for analysis: 10 -20, 20 -30, 30 -40, 40 -50, and 50 -60 months. We also ran the analysis using age as a categorizing variable on the following age groups: 10-23, 24 -35, and 36-60 months. Results on these analyses showed no statistical difference between 24 -35 and 36-60 months. However, there was a statistically significant difference between children <24 and >24 months for this data set. This information provides additional support for the age categories as proposed in the EPA workshop report.
The best approach to determine if ''natural'' categories existed in the data is to use a tree analysis available in SPlus 2000 ( Version Professional Release 1, 1999 ) . This type of model employs a recursive partitioning algorithm that successively splits the data into homogeneous subgroups. Two main age groupings were identified using this approach: 24 and >24 months of age (see Figure 2) . Children 24 months mouthed the most frequently with a reported median mouthing frequency of 73 events / h (60 -88 events /h, n =28 subjects, 69 observations ), whereas children >24 months had a median mouthing frequency of 31 events /h (25-39 events /h, n= 44 subjects, 117 observations ). The data are reported as the median (95% confidence interval, n =number of subjects, total number of observations ). Table 2 reports the frequency of mouthing behavior for the entire data set for four different mouthing activities: mouth-to -body, mouth -to -hand, mouth-to -surface, and mouth -to -toy. Generally, these children mouthed toys the most frequently, followed by hands, body parts, and then household surfaces.
Children 24 months showed significantly more mouthing of toys, as compared to children >24 months. However, both groups of children appear to favor the mouthing of toys and hands (Table 2 ) . Again, in both groups, other body parts and surfaces were mouthed less frequently. A summary of the frequency of mouthing behavior is presented in Table 2 . Groot et al. (1998 ) reported similar findings to these data. Those investigators showed that for the youngest group of participants (3 -6 months ), fingers were most often mouthed followed by toys. In the 6-to 12 -month age range, toys were mouthed most often, followed by nontoys and fingers ( Groot et al., 1998) . Similarly, in the 12 -to 18 -month age group, nontoys and fingers were mouthed most frequently, but as the children aged ( 18-36 months), fingers were most often placed into the mouth (Groot et al., 1998 ) . Groot et al.'s research reports mouthing time as the total mouthing time per 24 h and then breaks the mouthing time into mouthing of certain categories of objects as a percent of the total. Though mouthing events or frequency per hour cannot be computed using their data, the data are valuable because they allow determination of the likelihood of mouthing certain objects for a group of children. In addition, their research supports our findings that hands ( i.e., fingers ) and toys are most likely to be mouthed.
Implications for exposure assessment
Children 24 months have the potential to be exposed to higher concentrations of pesticide residues due to their higher frequency of mouthing behavior as compared to children >24 months in age. Indirect ingestion exposure is generally defined as mouth and tongue contacts of an individual with a contaminated object. To characterize an exposure event, information is required on the concentration of a pollutant in the exposure medium, the activities that result in a contact, and the transfer efficiency from the exposure medium to the individual (Cohen Hubal et al., 2000a ) . Indirect ingestion exposures usually occur via microactivities (a x ) such as mouth -to -body, -hand, -surface, and/ or -toy contacts ( where the subscript, x, represents body, hand, surface, toy, or any other object that is mouthed ).
Exposure can be estimated in two steps: ( 1) individually for each microactivity, and/ or ( 2) summed for all activities for an exposure duration of interest (i.e., 24 -h ). For each microactivity resulting in indirect ingestion, exposure over a 24 -h period can be defined as:
where x = body, hand, surface, toy, or any other object that is mouthed; E nd =indirect ingestion exposure from a specific mouthing event over a 24-h period (a x ) [g /day ]; C x = total contaminant loading on x [g/cm 2 ]; TE x = transfer efficiency, fraction transferred from x to mouth [ unitless ] ; SA x =surface area of x that is mouthed [ cm 2 / event ]; EF = frequency of mouthing events over a 24 -h period [event / day].
The total indirect ingestion exposure over a 24 -h period can be estimated by summing exposures for all microactivities. For any particular microenvironment (e ) being modeled, the child's potential exposure is the sum of all exposures for all microactivities conducted in that microenvironment ( i.e., indoors at home on carpet ). The total indirect ingestion exposure can be described with the following equation:
where E nd / total = total indirect ingestion exposures over a 24 -h period [ g /day ]; P e = sum over all microenvironments in which the child is located over a 24-h period; P ax =sum over all mouthing events in a specific microenvironment that occur over a 24-h time period.
If the exposure duration of interest is different from 1 day, the algorithms can be adjusted accordingly.
To illustrate the use of these equations to estimate the potential indirect ingestion exposure from a pesticide via hand -to -mouth activity, we apply it to monitoring data obtained for diazinon by Lewis et al. ( 2001 ) . The microenvironment is the living room of a residential dwelling where a 24 -month -old female child ( weight = 13.5 kg) spends 4 h in the microenvironment (e.t = LR.4 h ). She is found to have 0.3 g of diazinon residue on her hands, which have a total surface area of 310 cm 2 . In this example, x= hand and C hand =0.001 g/cm 2 ( diazinon loading on hand = C hand /SA hand ). In addition, the following assumptions are made: (1 ) the child's mouth only comes into contact with 10% of her hand during any single microactivity event [SA hand = 310Â0.1= 31 cm 2 /events ]; (2 ) the amount of diazinon on her hand is constant as a function of time; and (3 ) the TE hand is 50%. If we know the number of times per hour that the child puts her hand into her mouth, we can calculate her indirect ingestion exposure for diazinon from her hands. Using the data in Table 2 , mouth-to -hand activity is 12 events /h. Her exposure is computed as follows:
Taking into account the time in the microenvironment, the mass of diazinon to which the child is exposed is:
To obtain the per unit mass estimate for the child, divide by her body mass:
To obtain an estimate of this child's total indirect exposure to diazinon, potential exposure from all microactivities would have to be computed and summed ( i.e., mouth -to -body, -surfaces, -toys ). Given the frequency of mouthing events in small children and contaminant loadings on all types of objects that they put into their mouths, it is important to have an accurate estimate of mouthing activities in young children. The mouthing activity data generated in this manuscript represent multiple days of observation for 72 children. As such, the data represent the intrachild mouthing variability based on microenvironments and macroactivities (in this case, quiet play indoors) for a large cohort of children < 60 months in age. The most current default assumptions to represent hand -to -mouth activity are 20 events/h ( short -term exposures) and 9.5 events / h ( intermediate -term exposures ) based on data reported by Reed et al. ( 1999 ) ( Update to the Residential SOPs dated February 22, 2001; Policy 12). However, these numbers do not consider mouthing of objects other than hands. The data presented in this manuscript show that young children may mouth specific objects (i.e., toys ) up to 48 events /h. The data set analyzed in this manuscript provides a distribution of mouthing contacts that can be used to improve exposure assessments for children in this age range.
Conclusions
The results reported in this study are focused on children who engaged in quiet play in an indoor environment. Analysis of the data set using a linear SAS model suggests that the mouthing data can and should be broken into two subsets based on age: 24 and > 24 months. The data further showed that toys and hands were preferentially mouthed as compared to other body parts and household surfaces. We have obtained a more realistic estimate of a child's mouthing behavior by using data collected on multiple observation days. Similar data for children engaged in active play would provide additional insight into the mouthing behaviors of young children and the impact of these on indirect ingestion exposure.
